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Abstract
Central Europe experienced an exceptionally hot summer in 2015. The area of investigation in the Central Alps in Swit-
zerland faced the second warmest summer since the beginning of measurements in 1864. As a consequence, agriculture 
suffered from considerable production losses. But how were forests affected by the hot summer? We analyzed stem 
growth data, measured by automated point dendrometers, from 50 trees across nine sites covering the four main Swiss 
tree species spruce (Picea abies), fir (Abies alba), beech (Fagus sylvatica) and oak (Quercus spp.) in the years 2014 (rela-
tively wet and cool) and 2015 (hot and dry). Annual growth and environmental conditions were determined by, and 
related to, the growing period based on daily resolved growth data. Our multi-species approach revealed a wide range 
of responses. Radial growth of spruce was largely reduced during the hot summer 2015 for sites located below 1500 m 
a.s.l.. Growth of beech responded even positively at several sites on the Swiss Plateau. Fir and oak did not significantly 
deviate from their respective average growth rate. We conclude that one hot summer actually matters for stem growth, 
but its effect is not a priori negative. The timing of the heat wave is of highest importance. A relatively wet previous year, 
a wet spring and the relatively late occurrence of the heat wave in the wood growth period led to a less strong growth 
reduction than what could have been expected from agricultural plants. Endogenous effects like mast fruiting and 
legacy effects from past conditions are suggested to further play an important role for stem growth.
ZusammenfassungMitteleuropa erlebte einen außergewöhnlich heißen Sommer im Jahr 2015. Das Untersuchungsgebiet über ver-schiedene Höhenstufen in den Zentralalpen der Schweiz verzeichnete den zweitwärmsten Sommer seit Beginn der Messungen im Jahr 1864. In der Folge erlitt die Landwirtschaft erhebliche Produktionsverluste. Aber wie wirkte sich der heiße Sommer auf die Wälder aus? Wir analysierten Stammwachstumsdaten der Jahre 2014 (re-lativ nass und kühl) und 2015 (heiß und trocken), gemessen mit automatischen Punktdendrometern an 50 Bäu-men der vier wichtigsten Schweizer Baumarten Fichte (Picea abies), Tanne (Abies alba), Buche (Fagus sylvatica) und Eiche (Quercus spp.) an neun Standorten. Das Stammwachstum wurde anhand der täglich aufgelösten Daten 
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How did Swiss forest trees respond to the hot summer 2015?
1. IntroductionCentral Europe experienced an exceptionally hot sum-mer in 2015 (Ionita et al. 2017; Muthers et al. 2017). In Switzerland, it was the second warmest summer since the beginning of modern measurements in 1864 (Me-
teoSwiss 2016) and it was only topped by the extreme summer 2003 (MeteoSwiss 2015b). Summer air temper-atures were 2.3 °C higher and precipitation amounts were regionally 60-80% lower compared to the long-term average from 1981 to 2010 (MeteoSwiss 2018). Even the hot summer 2018 did not reach the 2015 val-ues (2.0 °C above the long-term average) and was also less dry, however, with large regional differences. Air temperatures were high in June (fourth warmest June ever recorded), but the exceptional heat occurred in July with two pronounced heat waves in the beginning 
of July (1 to 7 July) and in mid July (16 to 24 July) with daytime temperatures far above 30 °C. While all three summer months were characterized by below average precipitation amounts, July was especially dry (many regions with less than 50% of the long-term average) (MeteoSwiss 2016). Summer precipitation anomalies were similar in 2003 and 2015, but in contrast to 2003, spring 2015 was relatively warm and wet (MeteoSwiss 2015a). Overall, the summer 2015 was a prime example for summers as they are projected for future climate in Switzerland, namely warmer and drier (CH2011 2011; 
Scherrer et al. 2016). Agricultural production was re-ported to be markedly reduced by this heat wave (Bun-
desamt für Umwelt 2016), but how did forest trees deal with this extreme event in terms of stem growth? 
The physiological mechanisms underlying stem growth are still not fully understood, because growth is not solely driven by actual weather conditions but is also largely affected by conditions of the previous winter (Cook et al. 2012; Haeni et al. 2017), or even further back in time (Anderegg et al. 2015; Mullerova 
et al. 2016; Ogle et al. 2015; Shao et al. 2016; Thomas 
et al. 2009; van der Maaten-Theunissen et al. 2016; 
Zielis et al. 2014; Zweifel and Sterck 2018). Independ-ent of these so-called legacy effects, which may explain more than half of the inter-annual variation of net ecosystem productivity (Haeni et al. 2017) and stem growth (Zweifel et al. 2010), there is still a consider-able direct effect of current conditions on stem growth as known from many studies (Feichtinger et al. 2014; 
Gessler et al. 2007; Granier et al. 2007; Herrmann et al. 
2016; Hinckley et al. 1979; Latte et al. 2016; Vanoni et al. 
2016; Weemstra et al. 2013).In order to study stem growth in Swiss forests dur-ing the hot summer 2015, we used data from TreeNet (www.treenet.info), a network providing continuous, high-resolution data (10 minutes) on stem growth by automated dendrometers connected to a central data-base via a telecommunication link. The study covered four main tree species at nine sites across Switzerland north of the Alps. Our objectives were to assess the spe-
cies- and site-specific impacts of the hot and dry sum-mer 2015 on stem growth in comparison to the cool and wet summer 2014 in Switzerland. We followed the hypotheses (i) that annual stem growth in 2015 was generally smaller than in 2014 due to reduced precipi-
tation and increased air temperatures in summer 2015; 
über die Wachstumsperiode bestimmt und mit Umweltmessungen in Beziehung gesetzt. Die jährlichen, radialen 
Stammzuwächse waren art-spezifisch und sehr heterogen. Das Stammwachstum der Fichte war im heißen Som-mer 2015 für Standorte unter 1500 m ü. M. stark unterdurchschnittlich. Die Buche hingegen reagierte an meh-
reren Standorten im Schweizer Mittelland sogar positiv. Tanne und Eiche unterschieden sich nicht signifikant von ihrer jeweiligen durchschnittlichen Wachstumsrate. Wir schließen daraus, dass ein heißer, trockener Som-mer tatsächlich für das Stammwachstum wichtig ist, aber seine Wirkung nicht a priori negativ sein muss. Das Timing der Hitzewelle ist von höchster Bedeutung. Ein relativ feuchtes Vorjahr, ein feuchter Frühling und das relativ späte Auftreten der Hitzewelle in der Holzwachstumsperiode führten zu einem weniger starken Wachs-
tumsrückgang als von landwirtschaftlichen Pflanzen erwartet werden konnte. Wir vermuten, dass zusätzlich zu den außergewöhnlichen Umweltbedingungen im Sommer 2015, sogenannte Legacy-Effekte aus früheren Jahren sowie Mastfrucht-Dynamiken eine wichtige Rolle für das Stammwachstum spielten.
Keywords dendrometer, drought stress, global warming, heat wave, tree species, stem growth
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(ii) that the extent of annual growth reduction in 2015 
was species-specific, and (iii) that growth reductions were associated with regional variations in tempera-ture and precipitation during the stem growth period. 
2. Material and methods2.1 Sites and setupThe nine sites studied are part of TreeNet (www.treenet.info), a network in which stem growth is as-sessed by measuring stem radius (SR) changes of trees with high-precision point dendrometers in for-ests. The sites are located at different elevations rang-ing from low colline to subalpine forests (from 450 to 1650 m a.s.l.) in Switzerland. All forests are managed sustainably and are either deciduous, coniferous or mixed forests (Table 1). We investigated a total num-ber of 50 individual trees from four species, including Norway spruce (Picea abies) and silver fir (Abies alba), the two most abundant coniferous tree species in Switzerland, as well as European beech (Fagus sylvati-
ca), the most abundant deciduous tree species in Swit-zerland, and oak (pooling Quercus robur and Quercus 
petraea), which is known to tolerate hot and dry con-ditions relatively well. High precision point dendrom-eters (ZN11-T-WP and ZN11-T-IP, Natkon, Oetwil am See, Switzerland) measuring stem radius (SR) chang-es above bark at micrometer resolution were installed on the stem of each tree. Data were collected automat-ically with DecentLab data loggers (DecentLab GmbH, 
Dübendorf, Switzerland) at all sites, except at Davos 
and Lägeren, where CR1000 (Campbell Scientific Ltd., Shepshed, UK) data loggers were used. Measurements (DecentLab data loggers: every 30 s, CR1000 data log-gers: every 20 s) were averaged to seven minutes (De-centLab) and ten minutes (CR1000) intervals. Meas-
urements from DecentLab data loggers were finally interpolated to standard ten-minute intervals. This work relies on dendrometer data of the years 2014 and 2015.
2.2 Environmental dataFor each TreeNet site, meteorological data (air tem-perature and precipitation) were obtained either di-rectly in-situ or from nearby MeteoSwiss stations (Ta-
ble S1). At all sites, overall data availability during the 
defined growing period was > 95% for both tempera-ture and precipitation, except for the Beatenberg site 
in 2015, where a gap had to be filled using data from the closest MeteoSwiss station (i.e., Interlaken). At each of the TreeNet sites, one sensor to measure soil water potential (MPS2, Decagon Devices, Pullman, USA) was installed in the topsoil about 10 cm below ground. In order to characterize the years 2014 and 2015 meteorologically, and especially the respective summer months, monthly deviations of air tempera-ture and precipitation from the long-term average (1981 to 2010) were obtained from nearby Mete-oSwiss stations (Table S1).
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Table 1 Overview of geographical location and elevation as well as species composition for the nine sites investigated. Source: 
Metadata base of the project TreeNet
Beatenberg (Bea)
Davos (Dav)
Jussy (Jus)
Lägeren (Lae)
Lausanne (Lau)
Muri (Mur)
Riehen (Rie)
Vordemwald (Vor)
Wangen (Wan)
46.70
46.82
46.23
47.48
46.59
47.27
47.59
47.28
47.42
7.76
9.86
6.29
8.36
6.66
8.36
7.68
7.89
8.65
1510
1650
500
694
810
490
450
480
490
Subalpine coniferous forest
Subalpine coniferous forest
Deciduous forest
Mixed forest
Mixed forest
Mixed forest
Deciduous forest
Mixed forest
Mixed forest
Picea abies (4), Abies alba (2)
Picea abies (9)
Quercus robur (3)
Picea abies (1), Abies alba (3), Fagus sylvatica (4)
Picea abies (2), Fagus sylvatica (2)
Picea abies (3), Fagus sylvatica (2)
Fagus sylvatica (3), Quercus petraea (2)
Picea abies (2), Abies alba (2), Fagus sylvatica (2)
Picea abies (2), Fagus sylvatica (2)
TreeNet Site Lat 
(°N)
Long 
(°E)
Elevation 
(m a.s.l.)
Forest characterization Species (number of trees)
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2.3 Calculation of annual stem growthRaw data series of SR were pre-processed automati-cally with an R script running on the server struc-ture of the TreeNet network. Data were resampled at 10-minute resolution. Outliers and data shifts were removed based on the analysis of a frequency distri-bution of the ten minute-step differences between two readings. Furthermore, gaps of up to two hours were linearly interpolated. Additionally, the SR data were manually checked for plausibility and cleaned from undetected errors.The annual stem radius increment (SRI) from point dendrometer measurements was derived as the dif-ference between the previous and current year maxi-mum. Intra-annual stem growth (GRO) at time t was determined from the difference between SR at time t and the maximum SR measured in the past (Zweifel 
et al. 2016). If this difference was negative, GRO was set to zero. If this difference was positive, GRO in-creased. Thus, GRO refers to the stem size increment 
only and neglects e.g., lignification and other process-es which are not affecting size but are of interest for quantifying carbon allocation (Cuny et al. 2015). In contrast to ‘growth’ referred to in dendrochronologi-cal analyses, GRO based on automated dendrometer readings includes growth of wood and bark tissues (Zweifel et al. 2016). The absolute annual increment of stem area per tree (GROabs in cm-2) was calculated from SRI and diameter at breast height (dbh, meas-ured with a caliper):
To compare annual stem growth across species and sites, we normalized GROabs by the cross-section area derived from dbh resulting in stem growth normal-ized by dbh (GROn in %):
We refer to the difference in annual stem growth be-tween 2015 and 2014 as value of 2015 minus value 
of 2014, thus, a negative difference reflects less stem growth in 2015 compared to 2014. In order to account for fast- and slow-growing trees, the differences in stem growth between the two years were normalized for each tree by its mean annual stem growth (mean of 2014 and 2015):
2.4 Determination of stem growth periods
Tree-specific stem growth periods per tree and year were determined from the SR measurements. The start and end of the growth period (GROstart, GROend) 
were defined as the time when 5% and 95% of SRI were reached (Fig. 1). Mean stem growth periods were cal-culated per site and species over the two years 2014 and 2015 as an average of the individual trees.
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Fig. 1 Determination of annual increase in stem radius (SRI), 
growing period start (GROstart) and end (GROend) from 
stem radius (SR) measurements. Black line shows the 
SR measurements from which step-like growth curves 
(blue in 2014, red in 2015) were derived, assuming 
zero growth during periods of stem shrinkage accord-
ing to Zweifel et al. (2016). The annual SRI represents 
the annual sum of the growth curve and is only de-
terminable if the maximum SR of the previous year is 
known. GROstart and GROend of the growing period were 
defined as the time when 5% and 95% of SRI were 
reached, respectively. Source: Database of the project 
TreeNet
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2.5 Characterization of meteorological conditions during the stem growth period
Site-specific precipitation sums and growing de-gree days (GDD) were calculated over the mean stem growth periods of the two years 2014 and 2015. GDD was calculated as
where Tdaily is mean daily temperature, Tbase as set to 5.56 °C as suggested by Gunderson et al. (2012) and days with Tdaily < Tbase were ignored.Data processing and analyses were performed in R version 3.3.1 (R Core Team 2016).
3. Results3.1 Meteorological conditions in spring and sum-mer 2014 and 2015In 2014, air temperatures during March, April and June were above the long-term average, whereas it was below the long-term average in May, July and Au-gust for all sites (Fig. 2). Precipitation showed an ex-ceptional peak in July for all sites resulting in strong positive deviations from the long-term average for summer 2014.
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Fig. 2 Meteorological conditions during the years 2014 (left) and 2015 (right) in comparison to the long-term average (1981 to 
2010). Top panels: deviation of monthly mean air temperature (Tair, 2m height, dashed line indicates zero deviation) from 
the long-term average (°C); lower panels: percentage of monthly precipitation sums (precip) to the long-term average (%, 
dashed line indicates zero deviation). Coloured lines represent nine MeteoSwiss stations, each of which is closest to one of 
the TreeNet sites. Legend shows station pairs (MeteoSwiss station – TreeNet site), for site abbreviations refer to Table S1). 
For the two MeteoSwiss sites Villars-Tierclin (VIT) and Mosen (MOA) no temperature deviations were available, because 
the time series did not cover the full period from 1981 to 2010. Data source: MeteoSwiss 2016
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The hot year 2015 was characterized by positive de-viations from the long-term average of monthly mean air temperatures for the spring months March, April and May and, increasingly pronounced, for the sum-mer months June, July and August at all sites (Fig. 2). Precipitation in March, April and May was above-av-erage at some sites, but below the long-term average at others. However, it was clearly below the long-term average for the summer months July and August over all sites. Spring and summer 2015 were clearly warmer than 2014, whereas spring was wetter and summer was drier in 2015 compared to 2014. Thus, in 2015, a warm and wet spring was followed by a hot and dry summer. 
3.2 Annual stem growth incrementsMean absolute annual stem growth (GROabs) was gen-erally higher for coniferous species compared to de-ciduous species and ranged from 11.1 to 58.2 cm2 yr-1 
for spruce and from 34.1 to 76.1 cm2 yr-1 for silver fir, whereas it ranged from 3.3 to 35.6 cm2 yr-1 for beech 
and from 7.4 to 32.0 cm2 yr-1 for oak. Also mean annu-al stem growth normalized by dbh (GROn) was found 
to be species-specific and ranged from 0.5 to 5.4% 
for spruce, from 1.2 to 2.4% for silver fir, from 0.2 to 2.8% for beech and from 0.9 to 2.1% for oak (for more details see Table 2). Differences between GROabs and GROn became particularly evident for spruce, which generally showed low GROabs at Davos and Beaten-
Beatenberg (Bea)
Davos (Dav)
Jussy (Jus)
Lägeren (Lae)
Lausanne (Lau)
Muri (Mur)
Riehen (Rie)
Vordemwald (Vor)
Wangen (Wan)
Abies alba
Picea abies
Picea abies
Quercus robur
Abies alba
Fagus sylvatica
Picea abies
Fagus sylvatica
Picea abies
Fagus sylvatica
Picea abies
Fagus sylvatica
Quercus petraea
Abies alba
Fagus sylvatica
Picea abies
Fagus sylvatica
Picea abies
2
4
9
3
3
4
1
2
2
2
3
3
2
2
2
2
2
2
39.1
20.9
20.6
8.6
65.5
33.0
21.3
34.7
58.2
3.3
32.1
31.1
32.0
47.4
5.9
43.2
14.2
49.8
±47.4
±6.2
±10.6
±4.4
±53.9
±13.2
±2.4
±51.3
±0.9
±23.6
±20.3
±2.5
±25.0
±4.7
±19.7
±8.2
±15.6
34.2
22.0
19.8
7.4
76.1
35.6
11.1
32.3
38.1
6.8
14.4
29.9
29.3
35.4
6.6
14.9
17.9
20.5
±38.9
±6.5
±11.1
±2.2
±66.1
±15.5
±2.1
±39.8
±2.3
±6.6
±15.1
±4.9
±0.1
±5.5
±7.9
±7.2
±1.4
-5.0
1.1
-0.8
-1.2
10.6
2.6
-10.3
-2.4
-20.1
3.4
-17.7
-1.2
-2.7
-12.0
0.7
-28.3
3.7
-29.3
±8.5
±2.4
±4.8
±2.2
±15.1
±15.5
±4.5
±11.5
±3.2
±17.8
±7.1
±7.4
±25.0
±0.9
±11.8
±1.0
±14.2
1.3
2.0
1.8
1.1
1.6
2.8
5.4
0.8
0.8
0.2
1.8
1.4
1.0
2.4
1.4
2.8
1.2
2.1
±1.3
±1.7
±0.5
±0.3
±0.6
±1.8
±0.2
±0.5
±0.1
±0.6
±1.0
±0.3
±0.4
±1.2
±1.0
0.9
1.0
1.2
2.2
1.5
1.0
2.0
2.5
2.8
0.8
0.5
0.4
0.9
1.3
0.9
2.1
1.6
1.0
1.5
0.8
±1.1
±1.7
±0.5
±0.1
±0.9
±1.4
±0.1
±0.4
±0.0
±0.2
±0.7
±0.0
±1.4
±1.4
±0.4
±0.9
±0.2
-0.1
0.1
-0.2
-0.1
0.4
-0.3
-2.6
-0.1
-0.3
0.2
-0.9
-0.1
-0.1
-0.2
0.2
-1.8
0.3
-1.2
±0.3
±0.2
±0.5
±0.2
±0.3
±0.7
±0.1
±0.1
±0.1
±0.5
±0.3
±0.3
±1.0
±0.2
±0.6
±0.0
±0.8
nSite Species 2015 2014 2015 2015 - 20142015 - 20142014
Absolute growth (GROabs, cm2 yr-1) Normalized growth (GROn, %)
Table 2 Mean absolute growth (GROabs) (± standard deviation) and growth normalized for stem diameter at breast height (dbh) 
(GROn) for the years 2014 and 2015 and the respective differences between the years 2014 and 2015 for Norway spruce 
(Picea abies), European beech (Fagus sylvatica), silver fir (Abies alba) and oak (Quercus robur and Quercus petraea). 
Source: Database of the project TreeNet
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berg (sites with relatively low dbh and at high eleva-tion) and high GROabs at Lausanne (large dbh) while this pattern was reversed for GROn (Fig. 3). In order to 
compare annual stem growth between sites and spe-cies, and across the two years we focused on GROn in the further analyses.
Fig. 3 Maps of Switzerland with the annual tree growth per site, species and year. Mean absolute stem growth (left panels, 
GROabs) and mean stem growth normalized for diameter at breast height (dbh) (right panels, GROn) are shown for Norway 
spruce (Picea abies), European beech (Fagus sylvatica), silver fir (Abies alba) and oak (Quercus including Quercus robur 
and Quercus petraea) for the years 2014 (blue) and 2015 (red). Circle size depicts annual growth and is comparable across 
species. GROabs and GROn ranged from 3.3 to 76 cm2 yr-1 and 0.2 to 5.4%, respectively. Line type illustrates replication per 
site (solid: n≥3, dashed: n=2, dotted: n=1). For site abbreviations refer to Table 1. Source: Database of the project TreeNet
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We observed lower GROn in 2015 compared to 2014 at several sites, particularly for spruce, but with large 
site- and species-specific variations (Fig. 4). Differenc-es between GROn of the two years (ΔGROn) revealed that spruce consistently grew less in 2015 compared to 2014 except at Beatenberg, a high-elevation site. 
Generally, ΔGROn of spruce trees was smaller at sites 
located at higher elevations (> 1500 m a.s.l., i.e., Beat-enberg and Davos) than at sites located at lower eleva-tions (R2 = 0.89; p < 0.05).
For silver fir, ΔGROn was smaller compared to spruce and less clear patterns appeared, possibly also be-cause data of fewer sites were available. Also for oak, 
ΔGROn was small, with two sites showing almost the same growth in both years. Beech, on the other hand, grew on average slightly better in 2015 compared to 2014 at all sites except at Lausanne, however, with 
large variations observed in ΔGROn across- and with-in-sites (Fig. 4).
Fig. 4 Site-specific mean annual stem growth normalized for diameter at breast height dbh (left panels, GROn) for the years 2014 
(blue) and 2015 (red). Normalized deviations between the two years (ΔGROn) are shown in the right panels. Results were 
calculated for Norway spruce (Picea abies), European beech (Fagus sylvatica), silver fir (Abies alba) and oak (Quercus 
robur and Quercus petraea). Error bars show the standard deviation, the number in brackets behind site name indicates 
the site elevation (m a.s.l.). Source: Database of the project TreeNet
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3.3 Patterns of stem growth periodsWe observed large variations in start (GROstart), end (GROend) and total length of the stem growth period (GROlength) of individual trees for the different species, sites, and years (Fig. 5). GROstart of spruce and silver 
fir significantly depended on elevation, with sites lo-cated at higher elevations starting their growing peri-ods later (spruce: R2 = 0.61–0.77, p < 0.001, +3 days per 
100 m additional elevation; silver fir: R2 = 0.82–0.85, 
p < 0.01, 3–4 days per 100 m). We found no signifi-cant relationships between GROn and GROstart, GROend 
or GROlength for any of the species or any of the years. 
Despite increased precipitation deficits and air tem-
peratures during summer 2015, we did not find a con-sistently earlier ending of the growing period in 2015. Only some of the trees had an earlier GROend in 2015 
compared to 2014 (spruce: 9 out of 23, silver fir: 3 out 
of 7 trees, beech: 10 out of 15, oak 3 out of 6). Howev-er, all trees with one exception stopped growing ear-lier in 2015 compared to 2014 at Wangen and Riehen. Spruce tended to grow over a longer period but less in size in 2015, while beech grew over a shorter period but more in size in 2015 compared to 2014.
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Fig. 5 Tree-specific stem growth periods for Norway spruce (Picea abies), European beech (Fagus sylvatica), silver fir (Abies 
alba) and oak (Quercus including Quercus robur and Quercus petraea) for 2014 (blue) and 2015 (red). The start and end 
of the growing period were defined as the time when 5% and 95% of the annual stem radial increment (SRI) were reached, 
respectively. Line types show different species, grey areas indicate site- and species-specific mean growing periods. Source: 
Database of the project TreeNet
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3.4 Stem growth in relation to air temperature and precipitationIn order to test our assumptions about the relationship between stem growth, temperature and precipitation we analyzed growing degree days (GDD) and precipi-tation sums during the respective site- and species-
specific mean growing periods. GDD and precipitation sums during the growing period ranged from 458 to 
1869 °C and from 209 to 769 mm, respectively (Fig. 6). GDD during the growing period in 2015 was consist-
ently higher compared to 2014. Precipitation sums of the growing period were generally lower in 2015 com-pared to 2014. While for some sites and species the difference in precipitation between 2015 and 2014 was very large (e.g. for spruce at Beatenberg), it was rather low for others (e.g. for beech at Wangen). The earlier the growth period in 2015 started the more precipitation the trees received during their growth period due to the high precipitation in spring 2015 (Fig. 2).
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Fig. 6 Mean annual stem growth (symbol size) in relation to growing degree day (GDD) and precipitation. Mean annual stem 
growth was normalized for diameter at breast height (dbh) (GROn) for Norway spruce (Picea abies), European beech (Fa-
gus sylvatica), silver fir (Abies alba) and oak (Quercus including Quercus robur and Quercus petraea) and put in relation 
to growing GDD and precipitation sums during the site- and species-specific mean growing periods of the years 2014 (blue) 
and 2015 (red). Symbol size of GROn is comparable across the four panels. Light blue and light red shading around the 
white symbols illustrate standard deviation of GROn. Dotted grey lines link data of the same sites of 2014 and 2015. For site 
abbreviations refer to Table 1. Source: Database of the project TreeNet
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Despite the regional differences in meteorological 
conditions, we did not detect statistically significant relationships between regional differences in GROn and the differences in precipitation or temperature during the growing period for any species. Beech at Wangen and Muri grew better in 2015 compared to 2014 which is in line with a relatively low difference in precipitation between 2015 and 2014 (Wangen, 
Fig. 6) and with relatively high precipitation sums compared to the other sites (Muri, Fig. 6). The incon-sistent growth pattern for beech could partly be re-lated to general environmental conditions (Fig. S1). Those trees, which grew better in 2015, tended to be at sites characterized by warmer and wetter condi-tions during the growing period 2015, whereas those trees, which grew less in 2015, were located at sites characterized by cooler and drier conditions during the growing period 2015. However, there were also exceptions to this observation (such as one tree at Riehen and some trees at Lägeren and Lausanne). Moreover, the two sites showing consistently higher annual beech growth in 2015 compared to 2014 (Muri and Wangen) were characterized by less water defi-cit in the topsoil during summer 2015 compared to 2014 (less negative SWP, Fig. S1). With increasing soil drought, the soil water potential pattern became less consistent in its effect on tree growth with some trees still growing better in 2015 compared to 2014, while others grew less irrespective of the measured topsoil SWP at the sites.
4. DiscussionWe followed the hypotheses (i) that annual stem growth in 2015 is generally smaller than in 2014 due to reduced precipitation and increased air tempera-
tures in summer 2015; (ii) that the extent of annual 
growth reduction in 2015 was species-specific, and (iii) that growth reductions were associated with regional variations in temperature and precipitation during the stem growth period.
4.1 Does one hot summer matter for annual stem growth?As hypothesized, annual stem growth was reduced at most sites in 2015 compared to 2014 (Table 2), and our 
results confirm the well-known effect that a single ex-treme event, in our case one hot summer, matters for 
annual stem growth (Feichtinger et al. 2014; Hinckley 
et al. 1979; Vanoni et al. 2016; Weemstra et al. 2013). However, in accordance with our second hypothesis, the extent of the annual growth reduction was site- and species-dependent and there were even sites and species for which average annual growth was higher in 2015 compared to 2014 (Figs. 3 and 4). Generally, the effect of the heat in summer 2015 on stem growth was less pronounced than expected, mainly due to the late start of the heat wave (starting in the beginning of July). Contrary to our third hypothesis, we could 
not significantly associate regional growth reduc-tions with the respective variations in temperature and precipitation during the stem growth period for none of the species investigated. In the following, we discuss potential mechanisms leading to this wide range of responses. 
4.2 Role of elevationGrowth and survival of trees at higher elevations are known to be temperature-limited while the soil wa-ter availability is less relevant at many sites (Körner 
2012). Our findings for spruce support this view. Spruce was the species most sensitively respond-ing to the hot summer 2015 at low elevations (Figs. 3 and 6). This was found to be in contrast to the high-elevation sites where spruce was hardly affected (Davos) or even grew better in 2015 (Beatenberg). 
Similar findings were reported from the extremely hot summer 2003 ( Jolly et al. 2005) when vegetation growth was enhanced at high elevations and reduced at low elevations. Another study, partly conducted at the same sites as our study, also found increased stem growth at Beatenberg in 2003 (Pannatier et al. 2012) as we show here for 2015. Furthermore, modelling ap-proaches project spruce to vanish from lowland sites in Switzerland with ongoing temperature increase (Bugmann et al. 2014). Our results support these pro-jections, since spruce clearly suffered most from the hot summer in 2015 at the lowland sites, and these extreme summers are expected to become more fre-quent in the future (Scherrer et al. 2016).
4.3 Timing of the heat waveStem growth of the investigated species began in April in the year 2015 (except for the high elevation sites Davos and Beatenberg), about two months be-fore the heat started (Fig. 2). With the wet and warm 
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spring in 2015, the growing conditions might have been even better than in other years (Bundesamt für 
Umwelt 2016) and thus, the spring conditions are concluded to be the main reason for most tree spe-cies being affected in a relatively moderate way. This observation underlines the manifold reported impor-tance of a wet spring for good wood growth during the following summer months (Braun et al. 2017; Wolf 
et al. 2016) and thus the timing of heat and drought for tree growth in general. The heat wave began too late to cause large stem growth reductions, and from this point of view the summer was not severely dry for most forest trees (Dietrich et al. 2018). The same weather constellation a month or two earlier would most likely have had a much stronger impact on forest trees. Most likely, the exceptionally dry summer 2018 (which was, however, not as warm as 2015) will allow additional insights in future studies to critically test our interpretation.The only species showing a distinct growth reduc-tion in 2015 was spruce at lower elevation sites. Its growth period did not start later than the one of the other species (Fig. 5), and thus the timing of the grow-ing period does not serve as a potential explanation for the decreased growth. In a meta-analysis of Etzold and Zweifel (2018) including the years from 2012 to 2014 (low elevation sites only), we found that the rela-tive contribution of the months from July onwards to 
annual growth was for oak (26%) significantly lower 
than for spruce (44%), fir (50%) and beech (43%), 
i.e., 74% of annual growth of oak happened until the end of June before the heat wave started. Hence, spruce should have been affected in the same way as 
beech and fir by the heat wave starting in July 2015. 
This finding does therefore not explain the bad per-formance of spruce. However, the growth reduction 
of spruce from July onwards was much larger (-37%) 
than for the other species (fir: -16%, beech: -16%, oak: 
-7%), indicating a greater heat (and drought) sensitiv-ity of spruce. The bad growth performance of spruce is therefore most likely the result of a generally high sensitivity to high temperatures and little dependent on the timing of the heat wave.   Beech, in contrast to spruce, was found to respond unexpectedly positively to the hot summer 2015. Those individuals with higher annual stem growth in 2015 compared to 2014, tended to be located at sites that received more precipitation or had less water 
deficit in the topsoil during the growing period 2015 (Fig. S1). Thus, we suggest that beech at sites with 
high soil water availability is hardly affected or may 
even benefit from hot summer conditions, whereas beech trees at dry sites reduce growth (see also (Bay-
erische Landesanstalt für Wald und Forstwirtschaft 
2016; Hartl-Meier et al. 2014; Hentschel et al. 2016; 
Pretzsch et al. 2018). For beech (and oak) the timing of the heat wave has played an important role, since the 
beech sites might have strongly benefitted from the remaining soil water from the wet spring. This is also in line with the results of Heinrich et al. (2018) who suggested beech to be more water- than temperature-limited. Furthermore, Scharnweber et al. (2011) found growth of beech to be strongly dependent on water availability during summer. These earlier studies un-derline the importance of the wet months early in the growing season to understand the measured stem growth responses in the dry and hot summer 2015.
4.4 Potential effects of mast fruitingMast fruiting is known to appear in more or less reg-ular time steps (Greene and Johnson 1994; Nussbaumer 
et al. 2016). In the mass- and energy balance of a tree, a mast fruiting year requires a substantial ef-fort, which is most likely affecting the regular energy and carbon sink in a tree, i.e., new conducting wood, phloem tissue, leaves, branches, and roots (Greene and 
Johnson 1994; Sterck and Schieving 2011). This leads to reduced stem growth in the mast year but possi-
bly also in the following year. Fructification for beech in Switzerland was high in 2014 but low in 2015 and has been shown to explain about 10% of the growth variation (Braun et al. 2017). Thus, our work com-pares the relatively cool and wet mast fruiting year 2014 with the following dry year 2015. This sequence of two exceptional years for beech most likely masked the potential drought effect in 2015 because the stem growth of the year 2014 might have already been limited due to the mast and did not reach its poten-tial growth maximum under the given environmental conditions.    
4.5 Legacy effects Another important aspect are the so-called legacy ef-fects, because the current year stem growth is known 
to be significantly affected by meteorological condi-tions of the previous year(s) (Ogle et al. 2015). Buds built in autumn of the past season, and structures and resources maintained over several years (i.e., leaves, 
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sapwood, carbon reserves) are potentially carrying past conditions to the present, strongly determining the current year’s physiology including growth (Zweifel and Sterck 2018). The longer functional structures of a tree remain active, the longer are their respective organ lifetimes and the more ancient conditions may affect the physiological response of a tree to the cur-rent environmental conditions (Zweifel and Sterck 2018). As an example, the sapwood of most tree spe-cies remains active for several years. This means that a small tree ring with low hydraulic conductance built e.g. in a drought-stress year, affects the overall hy-draulic conductance of a tree over several years until it is completely replaced. During this time, the physi-ological performance of a tree is (slightly) lowered by this small tree ring originating from unfavourable conditions in the past. This idea of a legacy-effect on the current-years performance of a tree was recently tested with a conceptual growth model including the lifetimes of organs and reserves as variables to quan-tify the effect of historic conditions on current physi-ological (growth) responses (Zweifel and Sterck 2018). The modelling results strongly support the effect of historic conditions on the current performance of a tree. The authors of the study concluded that tree species with long lifetimes of organs and reserves are better buffered against exceptional environmental conditions, however they are also slower in positively responding to good growing conditions Recent empirical work further supports the impor-tance of legacy effects on stem growth ( Thomas 
et al. 2009; Babst et al. 2012; Zielis et al. 2014; van 
der Maaten-Theunissen et al. 2016) and net ecosys-tem productivity (Cook et al. 2012; Haeni et al. 2017). Moreover, it has been shown (Shao et al. 2016) that climatic variables can only partly explain inter-an-nual variability in physiological parameters, and ac-cording to Vanoni et al. (2016) and Jucker et al. (2017) abrupt growth decreases in response to drought may be lagged by more than one year. Investigating such lagged responses was, however, beyond the scope of this study and would need longer time series for a sound analysis.
5. ConclusionsOur work clearly showed that trees did respond to the dry and hot summer 2015 – but not necessarily in a negative way. We observed trees growing less due to the hot and dry conditions, particularly spruce at 
lower elevations. However, oak and silver fir were less 
affected and beech could even partly benefit from the hot summer 2015. The relatively moderate effect on these forest tree species was mainly explained by the 
wet and warm spring months covering about the first half of the stem growth period. Legacy effects and a beech mast year the year before the heat summer are concluded to further blur the direct impact of the heat wave on stem growth. The hot and dry summer 2018 started earlier than the one in 2015, so that future studies may particularly analyse the different tree re-sponses in the two years to gain further insights into drought effects on forest trees.
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